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1. Purpose

To describe an improved algorithm which can be used to estimate ncean surface wind
speed from radiometric data ccllected by the Defense Meteorological Space Program’s
(DMSP) Special Sensor Microwave/Imager (SSM /1) Block 5D-2 Spacecraft F8.

2. Background

Environmental Research Technology Inc. (ERT) under contract from Hughes Aircraft
develeped the D-matrix algorithm [Lo, 1983, for the purpose of converting the over-ocean
brightness temperature measurements, Tg. of the SSM 'l into estimates of the “true™ wind
(hereafter defined as an &.5-minute time-average of the wind field at an altitude of 19.5
meters above the ocean surface). The D-matrix algorithm was tested during the DMSP
Calibration/Validation effort {Hollinger et al.. 1989 and an improved algorithm was created
and is described in Table 1 and by [Goodberlet et al..1989.. Note that the improved D-
matrix algorithm (hereafter referred to as the Global D-matrix algorithm) makes use of the
SSM/1 brightness temperature measurements at 19 G Hz-vertical polarization, Tg{191").
22 G Hz-vertical polanzation, Tp(22V), 37 G H z-vertical polarization, Tg(37V), and at
37 G H z-horizontal polarization, Tg(37H ).

A unique feature of the D-matrix concept is that the accuracy of each wind speed
retrieval is indicated by an accuracy flag (originally called “rain fiag” by ERT) between 0
and 3 (see Table 1). Note that the accuracy flag is sei based on the brightness temperature
difference, A37; = Tg(37V) — Tg(37H), and on the level of Tg(19H). As an example
of using the accuracy flags, suppose that the D~matrix algorithm reports a wind speed of
15 m/s with accuracy flag 0. Using Table 1, it is found that the retrieval is accurate to
within 2 m/s (ie. one can be 68% certain that the actual wind speed, in this example,
is between 13 and 17 m-s). This interpretation of the accuracy flag is strictly valid only
when the retrieved wind speeds are unbiased and, as discussed below, the Global D-matrix
algorithm retrievals are only unbiased under accuracy flag 0 conditions.

The effects of atmospheric water (ie. water vapor. clouds or rain) upon the SSM/I
measurements degrades ¢ accuracy of the D-matnix wind speed retrievals. Therefore, the
higher accuracy flags, which are associated with the smaller values ot A37, indicate nigher
retrieval error and the fact that the SSM/I made the measurement through a water-laden
atmosphere.

3. Problem Description and Goals of the Study

A deficiency of the original ERT D-matrix algorithm was that it overestimated low
winds and underestimated high winds; a condition which is summarized by the curve
labelled “BIAS™ in Figure 3.1. The DMSP Calibration/Validation effort resulted in the
Global D-matrix algorithm whcse wind speed estimates are nearly unbiased under accuracy
flag 0 conditions (see Figures 3.2 and 3.3). However. as shown in Figure 3.3, retrievals
of the Global D-matrix algorithm tend to be biased high under accuracy flag 1, 2 and 3
conditions (ie. when the Aj7 differential is less than 50 K ). This bias (hereafter called
the weather-bias) also depends upon wind speed itself and. as shown in section 7, can be




Table 1. Specifications of the global D-matrix wind speed algorithm where the
calculated wind speed, W, is in meters per second and referenced to a
height of 19.5 meters above the ocean surface.

W = 147.90 + 1.0969 - T5(19V) — 0.4555 - Tp(22V )~

/

~1.7600 - T5(37V) + 0.7860 - Ts(37H)

Accuracy Flag Critenia Accuracy {m/s)
C Az7 > 50 <2
Ts(19H) < 165

37 < As7 < 50 2-~5
Ts(19H) > 165
2 30 < Az < 37 5-10
3 Asr < 30 > 10

Asr = Tg(37V) - Tg(37H)
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mathematically described as follows,

: 18.56 - 11 :
weather-bias (m,/s) ~ ———-~ 4 (3.1)
(A7, 30.7)9

where Wy is the true surface wind in m s.

Note that the stat'stical interpretation of the accuracy flags given in section 2 is stnctly
valid only under accuracy flag 0 conditions when the retrieval bias (ie. weather- bias) is
zero. However. a more severe problem attributable to the weather-bias is that it leads to
ambiguous retrievals; a fact that is demonstrated by the following example. Consider the
situation where Wr 1s equal to 19 m/s and the associated value of the Aj; differential
is 30 K. Using Az7 = 30 and Wr = 3 in equation (3.1) gives a weather-bias of 17
m/s, therefore the Global D-matrix estimate, W, of the wind speed is 17 ~ 3 = 20 m/s.
Similarly, using A7 = 30 and W = 101in (3.1) gives a weather-bias of 9.4, indicating that
Wgis 19.4 m/s. Finally, using A3; = 30 and Wor = 19 in (3.1) gives a weather-bias of -0.5,
indicating that Wg 1s 18.5 m/s. One can see from this example that when Aj; is equal
to 30 K, the Global D-matrix estimates the surface wind to be approximately 19 m/s
regardless of the true wind. The fact that W is approximately equal to Wt when W is
19 m/s is just coincidence and not useful in an operational sense. We believe. along with
others, [Holliday and Waters, 1989 |Rao et al., 1989], that the Global D-matrix algorithm
does not fully exploit the wind speed measuring capability of the SSM/I. Furthermore, we
consider the weather-bias to be the major deficiency of the Global D-matrix algorithm.
Therefore, removal of the weather-bias is necessary in order to realize the full wind speed
measuring potential of the SSM/I and considered to be the primary goal of this study.

There is interest in using SSM /I estimates of over-ocean wind speed to monitor
hurricanes, typhoons and tropical storms [Holliday and Waters. 1989,, Rappaport, 1991
Accurate SSM/I estimates of the winds in the core regions of these storms 1s not possible
due to the heavily water laden atmosphere and the spatial resolution of the SSM/IL
However, SSM/I estimates of the 20 m/s (40 knot) wind speed radius for these storms
may be possible once the weather-bias problem has been solved. A second important
step towards achieving this goal 1s to verify the high wind {> 12 m 's) accuracy of SSM/I
wind speed estimates. Although the National Oceanic and Atmospheric Administration
(NOAA) ocean-buoy data base used during the DMSP Cai/Val effort to create and test
the Global D-matrix algorithm contained some high wind measurements, they were mostly
under accuracy flag 1, 2 and 3 conditions. Since the DMSP Cal Val effort concentrated on
winds in accuracy flag 0 conditions. where very few high wind comparisons were available,
the high wind retrieval accuracy was not specified. In addition we have augmented the
buoy data with high wind speed measurements made by the Stepped Frequency Microwave
Radiometer (SFMR) which is owned by the Microwave Remote Sensing Laboratory
(MIRSL) at the University of Massachusetts and routinely flies aboard NOAA aircraft
on hurricane reconnaissance missions. The SFMR wind speed measurements together
with those of the NOAA buoy network provide the data needed to validate the ability of
the SSM/I to measure the 20 m/s wind speed radius of hurricanes, tropical storms and
typhoons.

In summary, the goals of this study are to create an improved wind speed retrieval




algorithm which does not suffer from a weather-bias and 1o validate the retrieval accuracy
of the algorithm for winds up to at least 20 m/s.

4. Methodology

The purpose of this section is to define terminology and graphical techniques used
throughout this report and to describe the statistical approach used to create new SSM/I
wind speed retrieval algorithms.

Creation of a wind speed retrieval algorithm begins with the collection of a “merged
data set” composed of coincident pairs of SSM/I measured brightness temperatures
and surface measurements of the true wind made by well calibrated “ground-truth”
instruments. The wind and brightness temperatures are paired according to a “comparison
criteria” which helps insure that the SSM/I and the ground 1ruth instrument are “seeing”
the same wind field. The ground-truth instruments used for this study are NOAA buoys
and the MIRSL SFMR. The associated comparison criteria is described in section 5.

The merged data set is randomly divided into two subsets called the “training” and
“testing” sets. The new algonthm is created using various statistical regression techniques
iDraper and Smith. 1981} and data from the training set. The new algorithm is then
validated using data of the testing set. Our testing procedure makes extensive use of
“residual” plots such as the one shown in Figure 4.1. Residual plots derive their name
from the fact that the vertical axis of the plot always indicates the algorithm residual
which 1s defined as the difference between the algorithm retrieved winds and the ground-
truth wind. The horizontal axis of the residual plots used in this study indicate either the
ground-truth wind speed or the SSM/I brightness temperature difference, Ajs.

In order to more clearly convey the information found in the residual plot we often
show instead the “interpreted residual plot”. The interpreted residual plot is obtained
by dividing the region of the residual plot into a number of vertical bins and calculating
the statistical average (labelled BIAS in the plot) and the standard deviation, SD, about
the average of the points falling within each bin. In practice, calculation of the SD and
BIAS for the interpreted residual plot is an iterative process involving removal of “outlier”
points. More specifically, the first step is to calculate the SD and BIAS for a particular
bin and then remove data points (outliers) whose associated bias is equal to more than 5
times the bin SD. The SD and BIAS are then recalculated for the data of the bin without
using the outliers identified in the first step.

The interpreted residual plot corresponding to the residual plot of Figure 4.1 is shown
in Figure 3.3 and was used to study the weather-bias of the Global D-matrix algorithm.
Figure 3.2 shows the interpreted residual plot used to study the wind speed bias of the
Global D-matrix algorithm. The interpreted residual plot shown in Figure 3.3 was also
used to define the Global D-matrix accuracy flags. The first step in defining the flags was
to select accuracy bands, which were decided upon during the DMSP Cal/Val effort to be
0-2m/ s, 2-5m/s, 5-10 m/s an.d > 10 m/s. The next step is to use Figure 3.3 and locate
the values of A37 at which tue SI) curve passes through 2, 5 and 10 m/s. The four regions
defined by these three values of Aj7 correspond to the Aj; extent of each accuracy flag.

The format of the retrieval algorithms used in this study can be classified as either the
“multiple version linear™ tvpe or t.ae “single-version nonlinear” type. The multiple-version
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linear type is the format suggested by ERT and used in the original D-matrix algorithm.
This type algorithm derives a wind speed estimate, W, from an equation which is a linear
combination of selected SSM/I brightness temperature measurements, Tg(7) as shown in
equation {4.1) below,

N
W = D, - Y D Tg(3) (4.1)

where the D; are constants to be determined. The “multiple version” portion of the title
refers to the fact that this type of algorithm is in fact several algorithms; each valid only
under a specific set of conditions (environmental, seasonal, geographical etc.).

The “single -version nonlinear™ type algorithm derives a wind speed estimate from a.
equation which can have both linear and nonlinear terms containing selected Tg(z). The
“single version™ portion of the title refers to the fact that this is a single algorithm valid
under all conditions. An example this tvpe of this type of algorithm will be ciscussed in
section 7.

5. Merged Data Set and Comparison Criteria

The data base used to validate/repair the SSM/I wind speed algorithm is composed
of “data pairs” each consisting of SSM/I brightness temperature measurements which are
collocated with measurements of wind speed made by selected NOAA buoys or with mea-
surements of wind speed made by the Stepped Frequency Microwave Radiometer (SFMR)
{Jones et al, 1981]. The method of comparing SSM/I and NOAA buoy measurements of
wind speed is described by [Goodberlet et al., 1989] and the histograms in Figures 5.1 and
5.2 indicate the distribution of SSM/I Aj; and buoy wind speed associated with the 3982
data pairs of this merged data set. The method of comparing SSM/I and SFMR wind
speed measurements is described below.

Since the SSM/I and SFMR footprints (size of the ocean area being observed) differ
considerably, direct comparison of the wind speed measurements from each instrument is
not possible. Instead, one must use a group of SFMR measurements which together “see”
the same ocean area as the SSM/I. More specifically, the following comparison criteria was
used in pairing SSM/I and SFMR wind speed measurements.

a. A weighted average of the approximately 30 SFMR wind speed measure-
ments which fall within an SSM/I footprint are compared directly to the
SSM/I wind speed retrieval. Weights are inversely proportional to the
SFMR f{ootprint distance from the center of the SSM/I footprint.

b. If less than 30 SFMR footprints fall within a SSM/I {ootprint then the
SFMR passed only zlong the edge of the SSM/I {ootprint and no compar-
ison is made.

c. The SFMR measurement must be made within 2 hours of the SSM/I

measurement.
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d. SFMR winds, referenced to a height of 10 meters, were converted to the
D-matrix reference height of 19.5 meters assuming a standard logarithmc
wind speed profile.

e. To prevent land contamination of ocean brightness temperatures and to
insure that the land did not restrict the wind speed fetch distance necessary
for creating fully developed seas, only SFMR measurements further than
100 km from land were used. The effect of limuted fetch on the SSM /I wind
speed measurements was recently discussed by /Glazman. 1991 .

Using the above comparison criteria, approximately 200 coincident measurements of
SSM/I and SFMR wind speed were obtained from seven SFMK overflights of four tropical
cyclones and one SFMR overflight of an upper latitude cyclone located near the gulf of
Alaska. The eight SFMR overflights are described in Table 2. The histograms shown
in Figures 5.3 and 5.4 indicate the distribution of SSM/I Aj3; and SFMR wind speed
associated with the 200 data pairs of this merged data set.

6. SFMR Calibration

The reported wind speed retrieval accuracy of the SFMR is approxamately 2 m/s for
winds in the range of 15 m /s to 55 m/s and less than 2 m/s for winds below 15 m/s [Black
and Swift, 1984]. Calibration of the SFMR was checked at least once during each of the
flights shown in Table 2 by comparing SFMR winds with one of the following alternate
wind speed measurements:

a. Wind speed measurements made by ocean buoys that fell near the NOAA

aircraft flight path.

b. Aircraft measured winds which were converted from the aircraft altitude to
a height of 10 meters above the ocean surface.

c. SSM/I D-matrix medium range (10-18 m/s) wind speed retrievals {rom
areas where the Ajz; differential was greater than 45 K.

7. Results

Although we have investigated new SSM/] wind speed retrieval algorithms of both the
“multiple-version linear” and “single-version nonlinear” types, we have found the “single-
version nonlinear” approach to be superior. The main reasor for choosing the latter is
that it does not suffer from the discontinuities associated with switching between multiple
algorithms. Additionally the “single-version nonlinear” approach better accounts for the
fact that a water laden atmosphere makes the wind speed retrieval process inherently
nonlinear. The behavior of the weather-bias, which is graphically shown in Figures 7.1
through 7.3, was used to determine the format of the new algorithm. Unlike Figure 3.3
which shows the weather-bias for all wind speed ranges, Figures 7.1 through 7.3 show
the weather~bias for the low {0-6 m/s), medium (6-12 m/s) and high {2have 12 m /<)
wind speed ranges separately. Additionally, Figure 7.4 shows the weather-bias behavior
associated with comparisons of SSM/] and SFMR under high (above 15 m;s) wind
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Table 2. Stepped Frequency Microwave Radiometer (SFMR) flights which were

collocated with wind speed measurements of the Special Sensor Mi-
crowave/Imager (SSM/I).

Latitude  Longitude

Storm Date Time (Zulu) Range (N) Range (W)
Emily 24Sep87 1815-0320 20-39 64-80
Alaska 01Dec87  1100-1930 40-54 121-138
Florence 08Sep88  1830-0315 17-26 77-93
Florence 09Sep88 1600-0100 24-30 79-91
Gilbert 13Sep88 1615-0045 16-26 78-86
Gilbert 15Sep88  0930-1840 19-26 80-93
Gilbert 15Sep88  2200-0700 17-29 79-96
Hugo 15Sep89  1615-2015 11-16 52-59

13
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Fig. 5.3 Histogram of SSM/I brightness temperature difference, Tg(37V) — Tp(37H ),
for the 200 data pairs of the SSM/I~-SFMR merged data file.
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Fig. 7.1
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The difference between SSM/I and NOAA buoy measured wind speed

plotted against the SSM/I brightness temperature difference, T5(37V) ~
T(37H), for the 1442 data pairs of the SSM/I-buoy merged data file where

the buoy measured wind speed is between 0 and 6 m/s.
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Fig. 7.2 The difference between SSM/I and NOAA buoy measured wind speed

plotted against the SSM/I brightness temperature difference, Tp(37V) —
Tg(37H), for the 2044 data pairs of the SSM/I-buoy merged data file where

the buoy measured wind speed is between 6 and 12 m/s.
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Fig. 7.3 The difference between SSM/I and NOAA buoy measured wind speed

plotted against the SSM/I brightness temperature difference, Tg(37V) -
Tp(37H), for the 496 data pairs of the SSM/I-buoy merged data file where

the buoy measured wind speed is greater than 12 m/s.
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Fig. 7.4
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The difference between SSM/I and SFMR measured wind speed plotted

against the SSM/I brightness temperature difference, Tg(37V) — Ts(37H),
for the 140 data pairs of the SSM/I-SFMR merged data file where the
SFMR measured wind speed is gre ter than 15 m/s. The “+” marks
indicate data from tropical regions and the “o” marks indicates data from

a storm near the Gulf of Alaska (see Table 2)
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conditions. It is interesting to note from these figures that the weather-bias is greater
for low winds than for high winds. Mathematically one can describe the weather- bias.
Weo — W, as follows,

B] - VVT
(Aii'-’/‘/B?)N

(1.1

Weg - Wgp ~

where W 1s a wind speed retrieval from the Global D-matrix algornthm. W7 1s the ground-
truth wind (as measured by the NOAA buovs or the SFMR). and B;. B,. .V are constant-
to be determined.

Our attempts to remove the weather-bias from Global D-matrix retrievals in all wind
speed ranges have not been successful however. removal of the weather-bias from retrievals
made under high and medium wind speed conditions and a significant reduction of the
weather bias for retrievals made under low wind speed conditions was found to be possible.
The procedure for creating this new algorithm was to first use a weighted Minimum Squared
Error (MSE) technique [Draper and Smith, 1981] and a “training” data set composed of
the SSM /I-buoy data pairs with an associated Ajz; differential of between 20 and 54 K to
solve for the coefficients, By, By, and N shown in equation (7.1). The weights used in the
regression are obtained from the wind speed density function associated with the training
set and have the effect of making all wind speed ranges equally important in the creation
of the new algorithm. Secondly, solving equation (7.1) for Wr results in the specific format
of the new algorithm which is called the GSW algorithm. Details of the GSW algorithm
are given in Table 3.

Figures 7.5 through 7.7 give the performance of the GSW algorithm under the
conditions of hizh, medium and low winds and were used, as described in section 4, to
establish the accuracy flag criteria. Note that the GSW algorithm accuracy flag criteria 1s
based solely on the value of A37 and no longer depends on the value of Tg(19H ). We have
made this change since Aj; alone seems capable of indicating the accuracy level of the
algorithm retrievals. Additionally, we have defined, in Table 3, an“accuracy equation” as
an alternative method of expressing the relationship between the GSW algorithm retrieval
accuracy and the value of Aj7.

The plots in Figures 7.8 and 7.9 were made to check whether the GSW algorithm 1s
equally accurate at all latitudes. Figure 7.8 contains data from our most northern NOAA
buoys (46035 at 57N,182E and 46001 at 56N,212E) collected during the period 1Sep87
through 1Mar88. See also [Schluessel and Luthardt, 1991} for upper latitude performance
of the Global D~matrix algorithm. Since performance of the Global D-matnx algorithm
and the GSW algorithm is essentially the same for a Aj3; differential of greater than 50 K.
one can expect the two algorithms to perform equally well in the upper latitude regions
where the Aj; differential is usually greater than 50 K. Figure 7.9 contains data from two
lower latitude buoys (42061 at 26N,270E and 42002 at 26N ,266E) also collected during
the period 1Sep87 through 1Mar88. Since these two plots show good agreement between
the GSW algorithm retrievals and the buoy measurements, we conclude that the GSW
algorithm accuracy is not significantly dependent upon geographical location.

Finally, the cross—plot of Figure 7.10 is presented as a alternate means of showing the
high wind retrieval performance of the GSW algorithm. Figure 7.10 also shows the range
of high wind comparisons contained in our merged data set.
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Table 3. Specifications of the GSW wind speed algorithm where the calculated wind
speed, W is in meters per second and referenced to a height of 19.5 meters
above the ocean surface. Under no conditions should this algorithm be used
when the Aa; differential 1s less than 31 K

We — 18.56 - «
W = G

1.0 — o
where :
We = 147.90 + 1.0969 - T5(19V) — 0.4555 - Tg(22V )+
~ 1.7600 - T(37V) + 0.7860 - T (37H)
30.7
a = (—
(A37)

Asr = Ts(37V) - Tg(37H)

Accuracy Flag Criteria Accuracy(m/s)
0 Az7 > 55 < 2
1 35 < A3y < 55 2—-35
2 32 < Az7; < 35 5-10
3 Az; < 32 > 10
or
1.8
Accuracy (m/s) =
10 - a
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Fig. 7.5 Standard deviation (ie. random error), SD, and bias of SSM/I wind speed

retrievals from the GSW algorithm made under high (> 12 m/s) wind
speed conditions plotted as a function of the SSM/I brightness temperature
difference, T5(37V) — Tg(37H). Data used to construct this plot consisted

of only SSM/I-buoy coincident data pairs.
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Fig. 7.6 Standard deviation (ie. random error), SD, and bias of SSM/I wind speed

retrievals from the GSW algorithm made under medium (6-12 m/s) wind
speed conditions plotted as a function of the SSM/I brightness temperature
difference, Tg(37V) — T (37TH). Data used to construct this plot consisted

of only SSM/I-buoy coincident data pairs.
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Fig. 7.7 Standard deviation (ie. random error), SD, and bias of SSM/I wind speed

retrievals from the GSW algorithm made under low (0-6 m/s) wind speed
conditions plotted as a function of the SSM/I brightness temperature
difference, Tp(37V) — Tg(37H). Data used to construct this plot consisted
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with a circle represent SSM/I-SFMR comparisons in a storm near the Gulf
of Alaska (see Table 2). The SSM/I brightness temperature difference,
Tp(37V) ~ Tp(37H), for data used to create this plot was always greater

than 35 K.
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8. Discussion and Conclusions

In conclusion we feel that the GSW algorithm offers improved accuracy and a better
understanding of the relationship between wind speed, Az, and retrieval accuracy than
the Global D-matrix algorithm. The GSW algorithm can be reliably used under conditions
when the Aj; differential is greater than 40 A and, with care. when Aj; is greater than
35 K. Under these conditions the GSW algorithm gives unbiased estimates of medium te,
high winds (6-20 m/s) and tends to overestimate low winds (0-6 m.s) slightly. We do
not recommend using the GSW algorithm when the Aj7 differential is less than 35 A and
under no condition should it be used when the Az; differential is less than 31 K. It 1s our
experience that the 20 m/s wind speed radius of some tropical storms and hurricanes les
in the region surrounding the storm where the Aj; differential is greater than 35 K.

We are unable at this time to say whether the GSW wind speed retrievals are the
best that can be obtained from the SSM/I data. The answer would result from a study
of the physical process by which the SSM/] is able to sense changes in ocean surface wind
speed and how this process is effected by a water-laden atmosphere. We recommend that
investigations along such lines be initiated.

Finally, we note that the GSW algorithm can be reliably applied only to the F-%&
SSM/I brightness temperature data. SSM/I’s on other platforms will have slightly different
calibration, making it necessary to modify the GSW algorithm or to adjust the brightness
temperature calibration of the new SSM/T’s to match that of the F-8 SSM/I.
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